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SUMMARY 

An inves t iga t ion  of t h e  aerodynamic c h a r a c t e r i s t i c s  of two f u l l - s c a l e  

The t e s t s  covered 
One of t h e  

supersonic-type p rope l l e r s  has been made i n  the  Langley 16-foot t ransonic  
tunnel  with t h e  6,000-horsepower propel le r  dynamometer. 
a range of blade angles a t  forward Mach numbers up t o  1.04. 
propel le rs  had symmetrical NACA 16-series a i r f o i l  sec t ions ,  and t h e  o ther  
propel le r  w a s  similar except for t he  incorporation of blade-section camber 
and a s l i g h t  d i f fe rence  i n  p i t c h  d i s t r i b u t i o n .  Bo-th p rope l l e r s  were 
designed f o r  an advance r a t i o  of 2.2 and a Mach number of 0.95 a t  an a l t i -  
tude of 35,000 f e e t .  
speed d i d  not permit t e s t i n g  a t  the  design condition of operation. 

Limitation of t he  maximum dynamometer r o t a t i o n a l  

The r e s u l t s  showed t h a t  t h e  cambered propel le r  w a s  more e f f i c i e n t  
a t  off-design conditions of operation and could operate e f f i c i e n t l y  over 
a wider range of advance r a t i o .  However, ca lcu la t ions  ind ica ted  t h a t  t h e  
symmetrical p rope l le r  had a s l i g h t l y  higher e f f i c i ency  a t  the  design con- 
d i t i o n  of operation. 
w a s  more e f f i c i e n t  than the  symmetrical p rope l l e r  over a Mach number range 
from 0.6 t o  1.04. 
e f f e c t s  began a t  a Mach number of about 0.73 and amounted t o  22 percent 
f o r  e i t h e r  p rope l l e r  a t  a Mach number of 1.04. 
was found t o  absorb considerably more power, and s t a l l  f l u t t e r  occurred 
a t  higher thrust coe f f i c i en t s  for t he  cambered propel le r  than f o r  t he  
symmetrical p rope l le r .  The fea ther ing  blade angle of t h e  cambered pro- 
p e l l e r  w a s  found t o  be @.4', measured a t  the  0.73 radius,  and t h e  nega- 
t i v e  t h r u s t  c h a r a c t e r i s t i c s  of t h i s  propel le r  make it very e f f e c t i v e  when 
used as a brake. 

A t  an advance r a t i o  of 3.6, t h e  cambered p rope l l e r  

The loss i n  m a x i m u m  e f f i c i ency  due t o  compressibil i ty 

The cambered propel le r  
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Pressure d i s t r i b u t i o n s  obtained i n  recent  years ( r e f s .  1 t o  7) on 
the  blade sec t ions  of operating propel le rs  a t  high speeds have ind ica ted  
t h a t  these  a i r f o i l s  have aerodynamic c h a r a c t e r i s t i c s  t h a t  a r e  d i f f e r e n t  
from those of two-dimensional a i r f o i l s  or wings, p a r t i c u l a r l y  f o r  blade 
sec t ions  near t he  t i p .  Factors, or a combination of them, which might 
explain t h i s  phenomenon include the  e f f e c t s  of blade in te r fe rence  or a 
cascade e f f e c t ,  t he  t i p - r e l i ev ing  or aspec t - r a t io  e f f e c t s ,  t h e  e f f e c t s  
of radial boundary-layer flow, and t h e  e f f e c t s  of a Mach number gradient 
along the  blades. A t  present,  t he re  i s  no theory or ca lcu la t ion  procedure 
f o r  p rope l l e r s  which adequately takes  i n t o  account a l l  these  f ac to r s ,  and 
it i s  necessary, therefore ,  t h a t  t h e  aerodynamic c h a r a c t e r i s t i c s  of pro- 
p e l l e r s  designed t o  operate a t  t ransonic  speeds be determined experimen- 
t a l l y  t o  j u s t i f y  the  assumptions necessary with respec t  t o  a i r f o i l  da t a  
and p rope l l e r  theory. 

A previous inves t iga t ion  of t he  e f f e c t s  of blade-section camber on 
t h e  aerodynamic c h a r a c t e r i s t i c s  of propel le rs  operating a t  Mach numbers 
up t o  0.65 ( r e f .  8) ind ica ted  important advantages f o r  camber i n  the  
take-off and climb performance of propel le rs .  However, i n  t h e  e a r l y  
designs of propel le rs  t o  operate i n  the  transonic-speed range, it w a s  
considered necessary t o  reduce the  blade-section camber t o  very low values 
and even t o  zero t o  obta in  higher c r i t i c a l  Mach numbers f o r  t h e  blade sec- 
t i o n s  which would be operating a t  low supersonic speeds. The f i r s t  wind- 
tunnel  i nves t iga t ion  of a f u l l - s c a l e  supersonic-type p rope l l e r  a t  Mach 
numbers t o  0.96 was reported i n  reference 9. 
symmetrical 16-ser ies  a i r f o i l  sec t ions  from the  spinner t o  t h e  t i p ,  and 
the  aerodynamic c h a r a c t e r i s t i c s  reported i n  reference 9 were considered 
s a t i s f a c t o r y .  However, i n  an inves t iga t ion  of t he  e f f e c t  of blade-section 
camber on t h e  s t a t i c  c h a r a c t e r i s t i c s  of t h ree  NACA propel le rs ,  it w a s  
found t h a t  t h e  f lu t t e r - speed  coe f f i c i en t  increased with an increase i n  
t h e  blade-section camber ( r e f .  10). This ind ica ted  t h a t  t h e  s t a l l - f l u t t e r  
c h a r a c t e r i s t i c s  of supersonic propel le rs ,  about which the  s t r u c t u r a l  
designers were concerned, might be improved by incorporating some camber 
i n  the  blade sec t ions .  Furthermore, t he re  was some ind ica t ion  i n  r e f -  
erence 8 t h a t  although t h e  c r i t i c a l  t i p  Mach number of propel le rs  i s  
lowered by an increase i n  blade-section camber, t h e  s u p e r c r i t i c a l  t i p  
Mach number a t  which recovery of t h r u s t  occurs i s  lower f o r  a propel le r  
having the  higher cambered sec t ions  than f o r  one having t h e  lower cam- 
bered sec t ions .  For these reasons, it seemed des i r ab le  t o  inves t iga t e  
the  e f f e c t s  of blade-section camber on t h e  aerodynamic c h a r a c t e r i s t i c s  
of a supersonic-type propel le r  and t o  determine t h e  s t a l l - f l u t t e r  char- 
a c t e r i s t i c s  where poss ib le .  

This propel le r  had t h i n  

A propel ler  was obtained, therefore, which had the same plan-form 
and thickness r a t i o s  as the  supersonic propel le r  of reference 9, bu t  t h e  
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blade sec t ions  were cambered and the re  w a s  a s l i g h t  d i f fe rence  i n  p i t c h  
d i s t r i b u t i o n .  The purpose of t h i s  i nves t iga t ion  i s  t o  determine the  
c h a r a c t e r i s t i c s  of t h i s  cambered propel le r  t o  provide a comparison with 
t h e  da t a  presented i n  reference 9 f o r  t he  symmetrical p rope l le r .  The 
inves t iga t ion  w i l l  i nd ica t e  the  e f f e c t s  of blade-section camber on t h e  
aerodynamic c h a r a c t e r i s t i c s  of supersonic-ty-pe.propellers. A second 
purpose i s  t o  extend the  Mach number range of t he  t e s t s  t o  low supersonic 
values f o r  both propel le r  designs, and perhaps t o  obta in  some ind ica t ion  
of t he  e f f e c t s  of blade-section camber on t h e  f l u t t e r  c h a r a c t e r i s t i c s  of 
supersonic-type propel le rs .  

This paper presents  t h e  r e s u l t s  of t h e  aerodynamic t e s t s  as p l o t s  
of propel le r  e f f i c i ency  and the  t h r u s t  and power coe f f i c i en t s  p l o t t e d  
aga ins t  p rope l le r  advance r a t i o  f o r  a range of forward Mach numbers up 
t o  about 1.04. 
and thorough ana lys i s  of t h e  e f f e c t  of blade-section camber, and t h e  
b r i e f  ana lys i s  presented herein includes only the  primary e f f e c t s  of 
camber on propel le r  performance. I n  addition, a few t e s t s  were made 
with the  cambered propel le r  t o  determine i t s  fea ther ing  blade angle and 
t o  determine i t s  aerodynamic c h a r a c t e r i s t i c s  a t  low and negative blade 
angles. 

Limitations of t he  t e s t i n g  equipment prevent a complete 

SYMBOLS 

b 

CP 

CT 

D 

h 

J 

blade width (chord), f t  

P power coe f f i c i en t ,  - 
pn3D5 

T t h r u s t  coe f f i c i en t ,  - 
pn2D4 

sec t ion  design l i f t  coe f f i c i en t  

p rope l l e r  diameter, f t  

blade-section m a x i m u m  thickness,  f t  

V advance r a t i o ,  - 
nD 

l i f t - d r a g  r a t i o  
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M 

Mt 

MX 

n 

P 

P 

Q 

R 

X 

PO. 75R 

‘1 

P 

Subscript  : 

Mach number of advance 

h e l i c a l  t i p  Mach number, M 1 + / (V 
h e l i c a l  Mach number a t  s t a t i o n  x, M 1 +  f (q 
propel ler  r o t a t i o n a l  speed, rps 

power, f t - lb / sec  

s t a t i c  pressure, lb/sq f t  

torque, f t - l b  

dynamic pressure, pv 1 2  J lb/sq ft  

propel ler  t i p  radius,  f t  

radius  t o  a blade element, f t  

t h r u s t ,  l b  

ve loc i ty  of advance, f p s  

f r a c t i o n  of propel ler  t i p  radius,  

blade angle a t  0.75R, deg 

r / R  

e f f ic iency  

a i r  density,  slugs/cu f t  

0 f r e e  stream 
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APPARATE 

Langley l 6 - ~ o o t  Transonic Tunnel 

The invest igat ion w a s  conducted i n  the Langley 16-foot transonic 
tunnel  which i s  an atmospheric type with longi tudinal  s l o t s  i n  the  t e s t  
sect ion.  
mum tunnel speed as l imited by the maximum power of the  dr ive system. 
Detai ls  of the wind tunnel  a re  given i n  reference 11. 

These s l o t s  permit wall-interference-free t e s t i n g  t o  the  maxi- 

Propeller Dynamometer 

Detai ls  of the  6,000-horsepower dynamometer a re  given i n  reference 12, 
and the instrumentation used i n  the present t e s t s  i s  the  same as t h a t  
described i n  reference 9. The arrangement of t h e  dynamometer i n  the t e s t  
sect ion i s  a l s o  t h e  same as t h a t  described i n  reference 9 with the  f o l -  
lowing exceptions: the  plane of r o t a t i o n  of the  propel ler  w a s  moved f o r -  
ward three f e e t  t o  increase the  distance between the  propel ler  and the  
leading edge of the  dynamometer support s t r u t ,  and a f a i r i n g  w a s  placed 
between the  support s t r u t s  of the two dynamometer units (see sketch i n  
f i g .  I). 
where the Mach number would be higher and t o  a l l e v i a t e  t o  some extent  
the a x i a l  Mach number gradient a t  the plane of the  propel ler .  
changes may be seen by comparing f igure  1 of reference 9 with f igure  1 
of t h i s  paper. 
p e l l e r  spinner w a s  reduced from approximately 2.4 t o  2 .1  propel ler  diam- 
e t e r s  by the  relocat ion of the  propel ler  plane of ro ta t ion .  
erence 9, the  boundary-layer thickness i n  the  propel ler  plane due t o  the  
cy l indr ica l  f a i r i n g  w a s  computed t o  be of s m a l l  enough magnitude t o  pro- 
duce no noticeable e f f e c t  on the  operating propel ler .  Figure 2 shows 
photographs of the  dynamometer i n s t a l l e d  i n  the  Langley 16-foot t ransonic  
tunnel.  

These changes were made t o  place the  propel ler  i n  a region 

These 

The length of the  cy l indr ica l  f a i r i n g  ahead of the pro- 

A s  i n  r e f -  

Propel lers  

The three-bladed s o l i d  s t e e l  propel lers  used i n  t h i s  invest igat ion 
were designed by the  Curtiss-Wright Corporation (design nos. 109622 
and 109626) and were 9.73 f e e t  i n  diameter. The two designs were s i m i l a r  
except for the  incorporation of blade-section camber i n  t h e  109626 design 
and a s l i g h t  difference i n  p i t c h  d is t r ibu t ion .  Both designs had a blade 
width of 14 inches from the  spinner surface t o  the t i p  and the  thickness 
r a t i o  of both designs var ied from 0.058 a t  the  spinner t o  0.02 a t  the  t i p .  
The blade-form charac te r i s t ics  a re  shown i n  f igure  3 .  
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The determination of the  des ign- l i f t -coef f ic ien t  curve i n  f igure  3 
w a s  based on a des i re  t o  obtain the maximum camber i n  the  blade sections 
without resor t ing  t o  a concave t h r u s t  surface and without changing the  
thickness d i s t r i b u t i o n  from t h a t  of the  109622 design. Beginning a t  t h e  
16.75-inch r a d i a l  s ta t ion ,  a camber w a s  determined on the  bas i s  of an 
NACA 16-series a i r f o i l  ( r e f .  13) with the  t h r u s t  surface coincident with 
the  chord l i n e  a t  the 70-percent-chord s t a t i o n .  
nates were calculated by using t h i s  camber, concavity of the  t h r u s t  sur- 
face near t h e  t r a i l i n g  edge resul ted.  Therefore, the  camber w a s  suc- 
cessively reduced u n t i l  t h i s  concavity was eliminated. 
was repeated for several  r a d i a l  stations along the blade u n t i l  there  was 
no concavity of the th rus t  surface a t  any point along the blade radius .  
Since the  slope of the mean l i n e  of the 16-series a i r f o i l  i s  zero a t  the  
70-percent-chord s ta t ion ,  the procedure used r e s u l t s  i n  blade sect ions 
having the  maximum camber without concavity i n  the  t h r u s t  surface.  It 
i s  apparent, however, t h a t  the  resu l t ing  camber i s  not necessar i ly  t h a t  
which y i e l d s  maximum l i f t - d r a g  r a t i o  of the  blade section. 

When the  sect ion ordi-  

This procedure 

Having establ ished the d i s t r i b u t i o n  of blade-section camber, o r  
design l i f t  coef f ic ien t ,  f o r  the  109626 blades, the  designers made a 
s t r i p  analysis of the  propel ler  operating a t  2,600 rpm and a forward 
Mach number of 0.95 a t  an a l t i t u d e  of 35,000 f e e t  ( the  design condition).  
As a r e s u l t  of t h i s  analysis,  the  designers decided t o  use a p i t c h  d i s -  
t r i b u t i o n  s l i g h t l y  d i f f e r e n t  from t h a t  of the  109622 design t o  obtain a 
s l i g h t l y  higher eff ic iency.  The maximum difference i n  p i t c h  d i s t r i b u t i o n  
between the  two blade designs amounts t o  about 2.3O. About half of t h i s  
maximum difference i n  p i t c h  d i s t r i b u t i o n  may be accounted f o r  by the  d i f -  
ference i n  angle f o r  zero l i f t  f o r  cambered and symmetrical 16-series 
a i r f o i l s .  

S t r a i n  gages were mounted on one of the  blades of each propel ler  t o  
monitor the  vibratory bending and t o r s i o n a l  s t resses .  The build-up of 
adhesive mater ia l  surrounding the  gages w a s  kept t o  a minimum so as t o  
change the blade contour as l i t t l e  as possible.  

The na tura l  t o r s i o n a l  frequency of both t h e  109622 and 109626 blades 
was about 85 cycles per second, as determined from s t a t i c  bench t e s t s  of 
the  two designs. 

Wake Survey Rakes 

Wake survey rakes were mounted as shown i n  f igures  1 and 2 ( b )  with 
the  o r i f i c e s  of the  probes 53 inches downstream of the  propel ler  plane 
and 2 f e e t  ahead of the rake s t r u t  leading edge. The rake s t r u t  w a s  
made up of 8-percent-thick circular-arc  a i r f o i l s  with a constant 2-foot 
chord. 
the wake survey da ta  are  not presented i n  t h i s  paper. 

Further d e t a i l s  of the survey rakes are  riot discussed here because 
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TESTS 

Most of t he  t e s t s  were made a t  constant values of forward Mach nwn- 

One group of t e s t s  w a s  made t o  cover a range of blade 
ber,  and a range of advance r a t i o  w a s  covered by varying t h e  propel le r  
r o t a t i o n a l  speed. 
angles a t  low forward speeds by operating the  propel le r  a t  a constant 
r o t a t i o n a l  speed of 1,600 rprn while varying t h e  tunnel  a i r speed  t o  obta in  
a range of advance r a t i o .  

All t h e  t e s t s  were made a t  fixed-blade angle s e t t i n g s .  A few t e s t s  
were made on t h e  cambered propel le r  (design no. 109626) a t  low and nega- 
t i v e  blade angles while operating the  tunnel  a t  a constant Mach number 
of 0.13. Also, t he  t h r u s t  and power c h a r a c t e r i s t i c s  of t he  cambered pro- 
p e l l e r  were obtained a t  seve ra l  Mach numbers i n  t h e  blade-angle range f o r  
p rope l l e r  fea ther ing  conditions. I n  these  t e s t s ,  t h e  p rope l l e r  w a s  
r o t a t e d  f i r s t  i n  t h e  right-hand, or normal, r o t a t i o n a l  d i r e c t i o n  and then 
i n  the  left-hand, or reverse,  r o t a t i o n a l  d i r ec t ion .  This method w a s  used 
t o  determine t h e  fea ther ing  blade angle because t h e  dynamometer bearings 
would be damaged by v ib ra t ion  i f  t he  tunnel  were operated without r o t a t i n g  
the  p rope l l e r  sha f t .  

The range of t he  t e s t s  w a s  l imi t ed  by e i t h e r  t h e  m a x i m u m  dynamometer 
r o t a t i o n a l  speed (2,200 rprn without overloading), t he  m a x i m u m  ava i lab le  
dynamometer power (6,000 horsepower without overloading) or propel le r  
blade f l u t t e r .  
of e i t h e r  of t he  propel le rs  a t  t h e  design condition of operation (2,600 rpm, 
J = 2 .2 ) .  During some of t h e  t e s t s  a t  1,600 rprn, t he  tunnel  airspeed was 
lowered u n t i l  f l u t t e r  w a s  ind ica ted  by t h e  blade s t r e s s e s  but, because of 
t he  danger involved, l i t t l e  da t a  were recorded. 
covered a t  the  various Mach numbers and a t  a constant r o t a t i o n a l  speed of 
1,600 rpm i s  shown i n  t a b l e  I f o r  both the  symmetrical p rope l l e r  (design 
number 109622) and the  cambered propel le r  (design number 109626). 
u re  numbers a r e  a l s o  shown i n  t a b l e  I t o  f a c i l i t a t e  l oca t ion  of t he  d a t a  
presented i n  t h i s  paper and a l s o  i n  reference 9. 

The rotational-speed l i m i t a t i o n  d id  not permit t e s t i n g  

The range of blade angles 

Fig- 

CALIBRATIONS 

Tunnel Airspeed 

A ca l ib ra t ion  of t he  tunnel  a i r s t ream w a s  made with t h e  dynamometer 
posit ioned i n  t h e  t e s t  s ec t ion  with no propel le r  i n s t a l l e d .  
number a t  which the  t e s t s  were made w a s  ind ica ted  by a Mach meter t h a t  
was referenced t o  the  s t a t i c  pressure i n  the  tank (surrounding the  t e s t  
sec t ion)  a t  a point about 13 f e e t  upstream of the  propel le r  loca t ion .  
The r e l a t ionsh ip  between the  Mach number a t  t he  propel le r  plane (without 

The Mach 
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propel ler)  and the  Mach number determined from the  tank s t a t i c  pressure 
w a s  es tabl ished i n  the same manner as i n  reference 11. 

The longi tudinal  Mach number d i s t r i b u t i o n  as measured by s t a t i c -  

The data points  
pressure o r i f i c e s  near the center l i n e  of one of the  tunnel-wall f l a t s  
and along the  dynamometer body i s  shown i n  f igure  1. 
a r e  not shown i n  f igure  1, but a comparison of t h e  r e s u l t s  obtained from 
the tunnel-wall o r i f i c e s  with those obtained from t h e  dynamometer body 
o r i f i c e s  indicated a negl igible  r a d i a l  Mach number difference across the  
propel ler  plane. A s  i n  reference 9, t h i s  difference amounted t o  about 
0.005 a t  the  propel ler  plane of r o t a t i o n  fo r  the  highest  Mach number of 
the  t e s t s .  
gradient i n  more d e t a i l  by i n s t a l l i n g  a survey rake so  t h a t  the  probes 
would l i e  along the  propel ler  plane. However, the  presence of t h i s  rake, 
which extended from the  propel ler  spinner t o  the  tunnel  wall, af fec ted  
the  ve loc i ty  i n  the  tunnel  a t  t h e  higher Mach numbers so  t h a t  the  r e s u l t s  
were not r e l i a b l e .  The curves i n  f igure  1 represent f a i r e d  values of the 
Mach number as determined from the  s ta t ic-pressure measurements along the  
tunnel  w a l l  and along the  dynamometer body without the  rake mounted in 
the  propel ler  plane of ro ta t ion .  
l i t t l e  s i g n i f i c a n t  e f f e c t  on tunnel-wall pressures i s  presented i n  a l a t e r  
sect ion of t h i s  paper. Figure 1 shows t h a t  t h e  longi tudinal  Mach number 
d i s t r i b u t i o n  i s  r e l a t i v e l y  smooth up t o  a Mach number of about 0.8. 
Above t h i s  Mach number there  i s  some interference arising a t  t h e  t r i a d i c  
support p l a t e s  and near the  leading edge of the dynamometer support s t r u t ;  
however, the  a x i a l  Mach number gradient  i s  s t i l l  s m a l l  i n  the  regions 
immediately ahead of and behind the propel ler  location. From the  fore-  
going considerations, it has been concluded t h a t  the  propel ler  data pre- 
sented i n  the present paper do not include any detrimental  e f f e c t s  t h a t  
may a r i s e  from propel ler  operation i n  a nonuniform airs t ream and t h a t  
the  values of stream Mach number obtained from the tunnel-wall o r i f i c e s  
a r e  the  values experienced by the  operating propel ler .  

A n  attempt was made t o  determine t h i s  r a d i a l  Mach number 

Evidence t h a t  propel ler  operation has 

Dynamometer Calibration 

Calibrations of the  thrust and torque meters were made i n  a manner 

The thrust system w a s  loaded t o  cover a 10,000-pound 
similar t o  that f o r  the  2,000-horsepower propel ler  dynamometer described 
i n  reference 14. 
range, and the torque system w a s  loaded t o  cover a 12,000-foot-pound range. 
The ca l ibra t ions  were s t r a i g h t  l i n e s  when t h e  indicated loads were p l o t t e d  
against  the  applied loads, and the slopes of the  l i n e s  were determined by 
the  method of l e a s t  squares. 
readings w a s  *4.5 pounds and the probable e r r o r  i n  the  t o t a l  torque 
readings w a s  t1.7 foot-pounds. 

The probable e r r o r  i n  the  t h r u s t  sca le  
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REDUCTION OF DATA 

Thrust 

Propel ler  t h r u s t  as used i n  t h i s  paper i s  defined as  t h e  shaf t  ten-  
s ion produced by the  aerodynamic forces act ing on the  propel ler  blades 
from the spinner t o  the  blade t i p s .  

The aerodynamic forces on the  ro ta t ing  spinner were determined by 
operating the  tunnel  and dynamometer over a range of airspeed and rota-  
t i o n a l  speed with no propel ler  i n s t a l l e d  and recording the  readings of 
the  thrust scales .  The difference i n  pressure between the  upstream face 
and downstream face of the r o t a t i n g  spinner w a s  recorded simultaneously 
with t h e  t h r u s t  readings. A p l o t  w a s  made of the  t h r u s t  sca le  readings 
against  the  spinner-juncture pressure differences and, within the  accuracy 
of the  measurements, the  varia%ion w a s  l i n e a r  f o r  a l l  combinations of 
spinner r o t a t i o n a l  speed and tunnel  airspeed. 
mined, the spinner-juncture pressure difference w a s  measured f o r  t e s t  
points  with t h e  propel ler  operating and the  corresponding value of thrust 
w a s  subtracted from the  indicated scale  readings as a t a r e  force.  Pro- 
p e l l e r  t h r u s t  i s ,  therefore ,  the  indicated t h r u s t  of the  propel ler  minus 
the  spinner t a r e  force created by the  difference i n  spinner-juncture pres- 
sure between the  upstream and downstream faces  of the  spinner, the  spinner 
sk in- f r ic t ion  drag being l e s s  than the  accuracy of the  thrust readings. 

With t h i s  r e l a t i o n  de te r -  

The var ia t ion  of t h i s  spinner t a r e  force with airs t ream Mach number 
i s  very in te res t ing .  (See f i g .  4.) I n  the  t e s t s  reported i n  reference 9 
t h e  Mach number d id  not exceed 0.96, and the  spinner t a r e  force w a s  always 
pos i t ive  ( t o  be subtracted from t h e  indicated t h r u s t )  and d i d  not exceed 
100 pounds. However, i n  the  present t e s t s ,  where the  Mach number exceeded 
1.0, the  spinner t a r e  force became negative ( t o  be added t o  t h e  indicated 
t h r u s t )  and reached values as high as 700 pounds when the  Mach number was  
approximately 1.0. These la rge  spinner t a r e  forces  represent an appreci- 
able p a r t  of the  measured t h r u s t ,  and an e f f o r t  was made t o  l e a r n  more 
about the aerodynamics causing t h e  large spinner-juncture pressure d i f -  
ferences.  Attempts t o  obtain good shadowgraph p ic tures  were unsuccessful, 
but during one of the  propel ler  t e s t s  spinner-surface pressures were meas- 
ured through t h e  propel ler  plane of r o t a t i o n  and between the  blades of 
the  three-bladed propel ler .  The r e s u l t s  of these measurements a re  shown 
i n  f igure  3 and serve t o  v e r i f y  the  la rge  pressure differences obtained 
on the upstream and downstream faces  of the  spinner a t  a Mach number 
of 1.0.  

Torque 

Torque t a r e  readings were obtained simultaneously with the  thrust 
t a r e  readings during the  t a r e  runs. A s  i n  reference 9, the  torque t a r e  
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forces  var ied  very l i t t l e  with dynamometer r o t a t i o n a l  speed but var ied  
l i n e a r l y  with tunne l  airspeed. The m a x i m u m  torque t a r e  co r rec t ion  w a s  
46 foot-pounds a t  a Mach number of 1.04. 
t unne l  a i r speed  w a s  caused by a de f l ec t ion  of t he  dynamometer support 
s t r u t  under aerodynamic load and, t o  a l e s s e r  ex ten t ,  inherent  v ib ra t ion  
of t he  dynamometer. 

This v a r i a t i o n  of torque with 

The torque t a r e  forces  f o r  a l l  r o t a t i o n a l  speeds were p l o t t e d  aga ins t  
a function of tunnel  airspeed and a f a i r e d  l i n e  w a s  drawn through t h e  
poin ts ,  so t h a t  t he  s m a l l  v a r i a t i o n  of torque with r o t a t i o n a l  speed w a s  
neglected. The n e t  p rope l l e r  torque w a s  t he  ind ica ted  torque reading 
minus the  torque t a r e  as determined from the  l i n e a r  v a r i a t i o n  with tunnel  
airspeed. 

Wind-Tunnel W a l l  Correction 

The d a t a  shown i n  reference 9 ind ica t e  t h a t  no w a l l  cor rec t ion  should 
be necessary for t e s t s  of three-bladed 10-foot-diameter p rope l l e r s  i n  t h e  
Langley 16-foot t ransonic  tunnel  over t he  range of Mach numbers and thrust  
coe f f i c i en t s  presented. In  order t o  subs t an t i a t e  these  d a t a  and t o  check 
t h e  v a l i d i t y  a t  higher t e s t  Mach numbers, some measurements of t he  tunnel- 
w a l l  s t a t i c  pressures were made with the  propel le r  operating. Figure 6 
shows the  r e s u l t s  of these  measurements as t h e  v a r i a t i o n  of Mach number 
with tunnel  s t a t i o n  f o r  conditions of low p rope l l e r  t h r u s t  and high pro- 
p e l l e r  t h r u s t  a t  nominal Mach numbers of about 0.8 and 1.04. The va r i a -  
t i o n  of Mach number with tunne l  s t a t i o n  f o r  t he  condition of no propel le r  
operating i s  a l s o  shown i n  f igu re  6 f o r  comparison. 
t he  Mach number with the  propel le r  operating w a s  wi th in  one percent of 
t he  values obtained without t h e  propel le r ,  and the  tunnel  l ong i tud ina l  
Mach number grad ien t  with t h e  propel le r  operating w a s  e s s e n t i a l l y  the  
same as t h a t  obtained without t h e  propel le r .  A t  t h e  supersonic speed, 
however, p rope l le r  operation caused a s m a l l  Mach number grad ien t  through 
t h e  propel le r  plane of r o t a t i o n .  
t h r u s t  where t h e  p rope l l e r  e f f i c i ency  i s  near i t s  maximum value, t he  
e f f e c t  of p rope l l e r  operation on t h e  tunnel  Mach number a t  t h e  propel le r  
plane i s  s m a l l ,  and the  d i f fe rence  i s  believed t o  be within t h e  accuracy 
of t he  measurements. Since p rope l l e r  operation had no s i g n i f i c a n t  e f f e c t  
on t h e  tunnel  w a l l  pressures a t  subsonic speeds and s ince  t h e  e f f e c t  a t  
supersonic speeds and high p rope l l e r  thrust  w a s  small and perhaps within 
the  accuracy of t he  measurements, no wind-tunnel w a l l  cor rec t ion  has been 
applied t o  the  d a t a  presented i n  t h i s  paper. 

A t  t h e  subsonic speed, 

For t he  condition of high propel le r  

Accuracy 

For conditions near maximum ef f ic iency ,  it i s  estimated t h a t  t h e  
p rope l l e r  d a t a  presented i n  t h i s  paper a r e  accurate t o  one percent based 
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on the  s t a t i c  ca l ib ra t ions .  The estimated e r r o r  i n  Mach number i s  +O.Ol 
and t h e  maximum prope l l e r  r o t a t i o n a l  speed e r r o r  i s  ?1/4 rpm. 

RESULTS AND DISCUSSION 

Presenta t ion  of Bas ic -Resul t s  

The aerodynamic da ta  obtained i n  t e s t s  of t h e  Curtiss-Wright cambered 
p rape l l e r  (design no. 109626) a r e  presented i n  f igu res  7 t o  17 as f a i r e d  
curves of t h r u s t  coe f f i c i en t ,  power coe f f i c i en t ,  p rope l l e r  e f f ic iency ,  
a i r s t ream Mach number, and h e l i c a l  t i p  Mach number p l o t t e d  aga ins t  pro- 
p e l l e r  advance r a t i o .  The d a t a  t e s t  po in ts  a re  included on the  p l o t s  of 
t h r u s t  and power coe f f i c i en t s .  Figure 18 presents  t he  da t a  obtained i n  
t e s t s  of t h e  Curtiss-Wright symmetrical p rope l le r  (design no. 109622) a t  
Mach numbers of 1.01, 1.02, and 1.04. These d a t a  were obtained t o  extend 
t h e  Mach number range of t he  t e s t s  presented i n  reference 9, which included 
d a t a  f o r  Mach numbers t o  only 0.96. 

E f fec t  of Blade-Section Camber a t  S u b c r i t i c a l  Speeds 

It was not poss ib le  t o  t e s t  e i t h e r  t he  cambered or t h e  symmetrical 
p rope l l e r  a t  t he  design operating conditions since the  maximum r o t a t i o n a l  
speed of t h e  dynamometer d i d  not permit operation a t  an advance r a t i o  
of 2.2 a t  a forward Mach number of 0.95. I n  order t o  obta in  t h e  pro- 
p e l l e r  c h a r a c t e r i s t i c s  i n  the  lower range of advance r a t i o  a s e r i e s  of 
t e s t s  were made a t  a constant r o t a t i o n a l  speed of 1,600 rpm, and i n  these  
tes ts  the  forward Mach number d i d  not exceed about 0.6. The r e s u l t s  from 
these  t e s t s  of t he  two propel le rs  (109622 propel le r  t e s t s  from r e f .  9) 
a r e  compared i n  f igu re  19 t o  show the  e f f e c t  of blade-section camber on 
envelope e f f i c i ency  and on the  t h r u s t  and power coe f f i c i en t s  f o r  m a x i m u m  
e f f i c i ency .  The cambered propel le r  w a s  from 6 t o  3.5 percent more e f f i -  
c i e n t  than the  symmetrical p rope l l e r  over t he  range of advance r a t i o  of 
t h e  t e s t s  (J = 1.0 t o  2.4). 
a t e s  more e f f i c i e n t l y  a t  off-design conditions than the  symmetrical pro- 
p e l l e r .  Both the  t h r u s t  and power coe f f i c i en t s  f o r  maximum e f f i c i ency  
increased more r ap id ly  with advance r a t i o  f o r  t h e  cambered propel le r  than  
f o r  t he  symmetrical p rope l le r .  A t  an advance r a t i o  of 2.2 t h e  t h r u s t  
coe f f i c i en t  w a s  25 percent g rea t e r  f o r  t h e  cambered propel le r  than f o r  
t h e  symmetrical p rope l le r ,  whereas the  power coe f f i c i en t  w a s  only 20 per- 
cent g rea t e r .  Only a t  advance r a t i o s  l e s s  than 1.3 d i d  t h e  cambered pro- 
p e l l e r  produce l e s s  t h r u s t  (a t  m a x i m u m  e f f i c i ency)  than the  symmetrical 
p rope l le r ,  and a t  these  low advance r a t i o s  t h e  cambered p rope l l e r  absorbed 
considerably less  power. 

This shows t h a t  t he  cambered propel le r  oper- 
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Since airplane propel lers  operate over a range of advance r a t i o  at 
constant r o t a t i o n a l  speed and torque and since blade-section camber 
a f f e c t s  the power-absorption q u a l i t i e s  of a propel ler ,  t h e  data f o r  the 
two propel lers  have been compared a t  two values of constant power coef- 
f i c i e n t  f o r  a r o t a t i o n a l  s2eed of 1,600 rpm. 
i n  f igure  20 f o r  power coef f ic ien ts  of 0.12 and 0.18. 
t h a t  f o r  advance r a t i o s  up t o  2.4, the  propel ler  with cambered blade 
sect ions produces more t h r u s t  than the  propel ler  with symmetrical blade 
sect ions when t h e  two propel lers  a re  absorbing t h e  same power. This i s  
p a r t i c u l a r l y  t r u e  a t  t h e  lower values of advance r a t i o  corresponding t o  
take-off and climb conditions of operation. For example, a t  an advance 
r a t i o  of 1.0, the  cambered propel ler  was 7 percent more e f f i c i e n t  than 
t h e  symmetrical propel ler  when t h e  power coef f ic ien t  w a s  constant a t  
e i t h e r  0.12 or 0.18. 

This compaxison i s  shown 
Figure 20 shows 

A n  explanation f o r  the  higher e f f ic iency  a t  s u b c r i t i c a l  speeds of 
the  propel ler  with cambered blade sect ions may be seen i n  f igure  21which 
shows the  e f f e c t  of design l i f t  coef f ic ien t ,  or camber, on the  l i f t - d r a g  
r a t i o  of 4-percent-thick 16-series a i r f o i l  sect ions a t  a Mach number 
of 0.7. The curves i n  f igure  21were taken from reference 13, and they 
show t h a t  t h e  l i f t - d r a g  r a t i o  increases rap id ly  with increasing design 
lift coef f ic ien t  t o  some maximum value which depends upon the  operating 
lift coef f ic ien t .  For an operating lift coef f ic ien t  of 0 .4  the  lift- 
drag r a t i o  increases from about 33 t o  84 when the  a i r f o i l  i s  changed 
from a symmetrical one (czd = 0) t o  one having a design l i f t  coef f ic ien t  

of 0.3. The curves i n  f igure  21 a l s o  show t h a t  the increase i n  l i f t -  
drag r a t i o  with design lift coeff ic ient  i s  grea te r  when the  a i r f o i l  i s  
operating a t  a l i f t  coeff ic ient  of 0.4 than when operating a t  a l i f t  coef- 
f i c i e n t  of 0.2. This serves t o  explain the  higher e f f ic iency  of the  cam- 
bered propel ler  a t  t h e  lower values of advance r a t i o  corresponding t o  the  
high t h r u s t  required for  take-off and climb conditions of operation, and, 
i n  general, accounts f o r  the  higher e f f ic iency  of the  cambered propel ler  
a t  off-design conditions of operation. This c h a r a c t e r i s t i c  of the  cambered 
propel ler  i s  expected because reference 13 shows t h a t  the  operating l i f t  
coef f ic ien t  for maximum l i f t - d r a g  r a t i o  i s  higher a t  a given blade-section 
Mach number for the  cambered 16-series a i r f o i l s  than f o r  the  symmetrical 
a i r f o i l s .  

Effect  of Blade-Section Camber on Propeller 

Character is t ics  a t  Transonic Speeds 

The var ia t ion  of envelope eff ic iency with advance r a t i o  f o r  the  
Curtiss-Wright cambered propel ler  (design no. 109626) i s  shown i n  f i g -  
ure 22 f o r  constant values of Mach number from 0.60 t o  1.04. 
out i n  reference 9 for  the symmetrical propeller, a notable fea ture  of 

A s  pointed 
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t he  envelope e f f i c i ency  curves f o r  these supersonic p rope l l e r s  i s  the  
small l o s s  i n  e f f i c i ency  a t  the  higher values of advance r a t i o .  This 
c h a r a c t e r i s t i c  i s  more pronounced f o r  t he  cambered p rope l l e r  than f o r  
t he  symmetrical p rope l le r ,  as shown i n  f igure  23, wherein t h e  envelope 
e f f i c i ency  of t he  two propel le rs  i s  compared a t  Mach numbers of 0.80, 
0.89, and 0.96. 
of 2.2, t he  envelope e f f i c i ency  would be expected t o  reach a m a x i m u m  value 
a t  t h i s  advance r a t i o .  
p rope l le r  decreases very slowly with an increase i n  advance r a t i o ,  so t h a t  
t h e  e f f i c i ency  i s  qu i t e  high a t  an advance r a t i o  of twice the  design value. 
The curves i n  f igu re  23 show t h a t  t he  cambered propel le r  (109626) w i l l  
operate e f f i c i e n t l y  over a wide range of advance r a t i o .  

Since both p rope l l e r s  were designed f o r  an advance r a t i o  

However, t he  envelope e f f i c i ency  of t he  cambered 

Although the  design value of advance r a t i o  (2.2) could not be reached 
a t  the  higher Mach numbers, a comparison of t h e  two p rope l l e r s  has been 
made a t  an advance r a t i o  of 3.6 t o  show the  e f f e c t  of blade-section cam- 
ber on propel le r  c h a r a c t e r i s t i c s  up t o  a Mach number of 1.04. 
r a t i o  of 3.6 was chosen because i n  the  supersonic t e s t s  of t h e  symmetrical 
p rope l l e r  a t  a blade angle of 60° t he  e f f i c i ency  was about a maximum a t  
t h i s  advance r a t i o  ( f i g .  18). Figure 24 shows t h i s  comparison of t he  
envelope e f f i c i ency  and the  t h r u s t  and power coe f f i c i en t s  f o r  maximum 
e f f i c i ency  of the  two propel le rs  over a Mach number range from 0.6 t o  1.04. 
Over t h i s  speed range the  cambered propel le r  w a s  from 2 t o  4.5 percent more 
e f f i c i e n t  than t h e  symmetrical p rope l le r .  
t h e  c h a r a c t e r i s t i c  l o s s  i n  e f f i c i ency  caused by compressibil i ty e f f e c t s  
a t  a Mach number of about 0.73, t h e  l o s s  amounting t o  22 percent f o r  
e i t h e r  of t h e  propel le rs  a t  t he  highest  Mach number of the  t e s t s .  A t  a 
Mach number of 1.0, t h e  d i f fe rence  i n  e f f i c i ency  between the  two propel- 
l e r s  was small. 
e f f i c i ency  of the  cambered propel le r  was about 67 percent compared t o  
about 62.5 percent f o r  t h e  symmetrical p rope l le r .  

An advance 

Both p rope l l e r s  began showing 

A t  t he  highest  Mach number of t he  t e s t s  (1.04), t h e  

The t h r u s t  and power coe f f i c i en t s  f o r  m a x i m u m  e f f i c i ency  were qu i t e  
d i f f e r e n t  f o r  t he  two p rope l l e r s  over the  Mach number range of the  t e s t s .  
Figure 24 shows t h a t  t h e  t h r u s t  and power f o r  t he  symmetrical p rope l le r  
began a f a i r l y  steady increase a t  a Mach number of 0.75 and continued 
t o  increase t o  the  highest  Mach number of t he  t e s t s .  
power f o r  t he  cambered propel le r  a l s o  began t o  increase a t  a Mach nun- 
ber of 0.75, but t h e  increase was more rapid,  and a t  a Mach number of 
about 0.95 t he  t h r u s t  and power reached a maximum and began t o  decrease 
with an increase i n  Mach number. 
coe f f i c i en t  for maximum e f f i c i ency  w a s  53 percent g rea t e r  f o r  t h e  cam- 
bered propel le r ,  and the  t h r u s t  coe f f i c i en t  f o r  maximum e f f i c i ency  w a s  
about 60 percent g rea t e r  f o r  t he  cambered p rope l l e r  than f o r  t h e  sym- 
me t r i ca l  p rope l le r .  

The t h r u s t  and 

A t  a Mach number of 0.95 t he  power 
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Design Considerations 

The r e l a t i v e l y  high e f f i c i ency  of t he  cambered propel le r  (design 
no. 109626) shown i n  f igures  22, 23, and 24 a t  an advance r a t i o  of 3.6 
suggests t h a t  t he  blade sec t ions  were operating a t  or near t h e i r  m a x i m u m  
l i f t - d r a g  r a t i o  a t  t h i s  condition of operation. 
made, therefore ,  t o  determine t h e  propel le r  operating conditions for 
which the  cambered blade sec t ions  of t he  109626 propel le r  would be 
operating a t  t h e i r  maximum l i f t - d r a g  r a t i o .  
blade-section design l i f t  coe f f i c i en t  (NACA 16-series a i r f o i l s )  f o r  m a x i -  
mum l i f t - d r a g  r a t i o  p l o t t e d  aga ins t  thickness r a t i o  for constant values 
of Mach number. Although these  curves do not extend t o  thickness r a t i o s  
of l e s s  t han  4 percent, an ex t rapola t ion  ind ica t e s  t h a t  f o r  Mach numbers 
g rea t e r  t han  0.95 the  design l i f t  coe f f i c i en t  f o r  maximum l i f t - d r a g  r a t i o  
i s  a f fec ted  very l i t t l e  by thickness r a t i o s  of l e s s  than 5 percent. Since 
t h e  blade sec t ions  of t he  cambered propel le r  a r e  l e s s  than 3 percent t h i c k  
from about t h e  0.3 radius t o  t h e  propel le r  t i p ,  a p l o t  was made t o  show 
the  v a r i a t i o n  with blade-section Mach number of t he  design l i f t  coe f f i -  
c i e n t  f o r  m a x b u m  l i f t - d r a g  r a t i o  f o r  16-series sec t ions  l e s s  than  5 per- 
cent t h i ck .  This v a r i a t i o n  i s  shown i n  f igu re  25 by the  curve of long 
dashes and ind ica t e s  t h a t  f o r  a blade-section Mach number of 0.95 t h e  
design l i f t  coe f f i c i en t  should be 0.38. 
of 1.3, t he  design l i f t  coe f f i c i en t  should be reduced t o  zero. Obviously, 
t h e  blade sec t ions  of t he  symmetrical p rope l le r  (design no. 109622) should 
have had some camber unless a l l  t he  blade sec t ions  were t o  operate a t  
Mach numbers g rea t e r  than 1.5. 

A b r i e f  ana lys i s  was 

Reference 13 presents  t h e  

For a blade-section Mach number 

For comparison with the  optimum v a r i a t i o n  of camber shown i n  f i g -  
ure 2>, t h e  design lift coe f f i c i en t s  of t he  blade sec t ions  of t he  cam- 
bered propel le r  (design no. 109626) were p l o t t e d  aga ins t  t h e  blade- 
s ec t ion  Mach numbers f o r  t h r e e  operating conditions.  A t  t h e  design con- 
d i t i o n  of operation, an advance r a t i o  of 2.2 and a Mach number of 0.93, 
t h e  blade sec t ions  of t h e  cambered propel le r  operate a t  Mach numbers far  
i n  excess of those necessary f o r  maximum l i f t - d r a g  r a t i o .  
advance r a t i o ,  3.6, and a Mach number of 1.0, t he  blade sec t ions  of t h e  
cambered propel le r  operate a t  sec t ion  speeds nearer t o  those f o r  maximum 
l i f t - d r a g  r a t i o .  
t h e  sec t ion  speeds over t he  most e f f ec t ive  p a r t  of t h e  blade rad ius  a re  
very near t o  those required f o r  m a x i m u m  l i f t - d r a g  r a t i o .  The curves i n  
f igu re  25 show, therefore ,  tha t  t he  blade sec t ions  o€ t he  cambered pro- 
p e l l e r  (design no. 109626) a r e  overcambered f o r  t he  design condition 
of operation, and t h a t  t h e  propel le r  as b u i l t  should operate a t  t h e  
design Mach number (0.95) more e f f i c i e n t l y  a t  an advance r a t i o  higher 
than  the  design value. 
i n  f igu re  25 a l s o  show t h a t  the  blade sec t ions  of t h e  cambered propel le r  
should operate more e f f i c i e n t l y  than t h e  blade sec t ions  of t he  sym- 
metrical prope l l e r .  

A t  a higher 

A t  a Mach number of 0.93 and an advance r a t i o  of 3.6 

A t  t h i s  higher advance r a t i o  ( 3 . 6 ) ,  t h e  curves 
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It should be pointed out t h a t  t he  curve i n  f igu re  23 showing the  
design l i f t  coe f f i c i en t  for maximum l i f t - d r a g  r a t i o  was determined from 
considerations of two-dimensional a i r f o i l  c h a r a c t e r i s t i c s  only; and, as 
mentioned i n  the  in t roduct ion  t o  t h i s  paper, t he re  i s  evidence t h a t  pro- 
p e l l e r  blade sec t ions  have aerodynamic c h a r a c t e r i s t i c s  t h a t  a r e  d i f f e r e n t  
from those of two-dimensional a i r f o i l s .  Spec i f i ca l ly ,  p ressure  d i s t r i -  
butions obtained i n  recent  years on t h e  blade sec t ions  of operating pro- 
p e l l e r s  show t h a t  a t  zero angle of a t t a c k  of t he  chord l i n e  the  value of 
l i f t  coe f f i c i en t  i s  appreciably l e s s  than  the  design value f o r  which the  
sec t ion  i s  cambered. There i s  ev ident ly  an induced camber, o r  an effec- 
t i v e  reduction i n  camber, of a sec t ion  when it operates as p a r t  of a 
three-dimensional a i r f o i l  producing l i f t  and an induced angle of a t t ack .  
This three-dimensional c h a r a c t e r i s t i c  i s  discussed i n  reference 16, which 
shows t h a t  t h e  e f f e c t i v e  camber i n  the  middle and outer  r a d i i  of a pro- 
p e l l e r  blade i s  smaller than  the  geometrical camber. For t h i s  reason 
the  curve i n  f igu re  27 showing t h e  design l i f t  coe f f i c i en t  f o r  maximum 
l i f t - d r a g  r a t i o  should be s h i f t e d  perhaps t o  s l i g h t l y  higher values of 
design l i f t  coe f f i c i en t ,  p a r t i c u l a r l y  f o r  t h e  blade sec t ions  along the  
middle and outer  radii. However, t he  curve (long dashes) i n  f igu re  23 
i s  considered adequate f o r  t he  purpose of t he  b r i e f  ana lys i s  presented 
i n  t h i s  paper. 

Comparison of Experimental and Calculated 

Values of Propel le r  Efficiency 

S t r i p  theory ca lcu la t ions  have been made f o r  t he  e f f i c i ency  of t he  
cambered propel le r  by using the  method described i n  reference 14, and 
t h e  r e s u l t s  of these  ca lcu la t ions  a re  shown on f igu res  7 ( c )  and 22. 
ca lcu la ted  values of e f f i c i ency  a re  within 1 .5  percent of the  measured 
values. This agreement may be considered exce l len t ,  but because it w a s  
necessary t o  use extensive ex t rapola t ions  of e x i s t i n g  a i r f o i l  data,  t he  
agreement may have been fo r tu i tous .  For operating conditions where the  
blade-section speeds were i n  t h e  t ransonic  region, both l i f t  and drag 
were r ap id ly  changing, making both in t e rpo la t ion  and ex t rapola t ion  of 
a i r f o i l  c h a r a c t e r i s t i c s  questionable.  For such operating conditions, 
t h e  agreement of ca lcu la ted  with experimental values of t h r u s t  and power 
coe f f i c i en t s  ranged from fair  t o  poor. However, it i s  believed t h a t  pro- 
p e l l e r  e f f i c i ency  may be ca lcu la ted  with reasonable accuracy by using 
subsonic s t r i p  theory when the  two-dimensional a i r f o i l  c h a r a c t e r i s t i c s  
a r e  known. 

The 

Since it w a s  not possible t o  t e s t  t he  cambered propel le r  a t  the  
design operating condition, a ca l cu la t ion  of propel le r  e f f i c i ency  w a s  
made f o r  an advance r a t i o  of 2 .2  and a Mach number of 0.95. This ca l -  
cu la ted  e f f i c i ency  for  the  cambered propel le r  was  about 70 percent,  which 
compares with a ca lcu la ted  value of about 73 percent f o r  t h e  symmetrical 
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p rope l l e r  repor ted  i n  reference 9. The f a c t  t h a t  t he  ca l cu la t ed  value 
of e f f ic iency  i s  l e s s  f o r  t he  cambered propel le r  than  for  t h e  symmetrical 
p rope l le r  a t  t h e  design operating condition i s  not su rp r i s ing  when the  
ana lys i s  presented i n  f i g w e  23 i s  considered. A t  t he  design operating 
condition the  blade-section speeds a re  such t h a t  very l i t t l e  camber, or 
none, i s  requi red  f o r  m a x i m u m  l i f t - d r a g  r a t i o  of t he  most e f f e c t i v e  sec- 
t i o n s  along the  blade radius.  
no. 109626) t h e  blade-section design l i f t  coe f f i c i en t  i s  too  high f o r  
m a x i m w n  l i f t - d r a g  r a t i o  a t  t h e  sec t ion  speeds a t t a i n e d  a t  t h e  design 
operating condition. 

For t h e  cambered propel le r  (design 

Ef fec t  of S t r a i n  Gages on Propel le r  Efficiency 

In a l l  t e s t s  of t he  cambered propel le r  (design no. 109626) strain 
gages were cemented t o  t h e  surface of one of t h e  p rope l l e r  blades. How- 
ever, i n  t h e  t e s t s  of t he  symmetrical p rope l le r  repor ted  i n  reference 9, 
t h e  s t r a i n  gages were removed and some t e s t s  repeated t o  obta in  the  e f f e c t  
of t h e  gages on propel le r  e f f ic iency .  These t e s t s  ind ica ted  t h a t  t h e  
s t r a i n  gages had no e f f e c t  on propel le r  e f f i c i ency  a t  Mach numbers up 
t o  0.88. A t  a higher Mach number (0.96), t he  e f f e c t  of t h e  s t r a i n  gages 
was t o  reduce propel le r  e f f i c i ency  by about 2 percent. 
t e s t s  t he  bonding ma te r i a l  f o r  t he  gages w a s  b u i l t  up i n  a manner s imi l a r  
t o  t h a t  used on t h e  symmetrical p rope l le r  for t he  t e s t s  repor ted  i n  ref- 
erence 9, so t h a t  t h e  strain-gage i n s t a l l a t i o n s  f o r  t h e  two p rope l l e r s  
were very near ly  the  sane. It seems reasonable t o  assume, therefore ,  
t h a t  t h e  e f f e c t  of t h e  s t r a i n  gages on propel le r  e f f i c i ency  w a s  very 
nearly the  same i n  the  present t e s t s  as for t he  t e s t s  repor ted  i n  r e f -  
erence 9. 

I n  the  present  

S t a l l - F l u t t e r  Data 

Although s t a l l  f l u t t e r  w a s  encountered on seve ra l  occasions during 
the  t e s t s  of t he  cambered propel le r  (design no. 109626), very l i t t l e  
d a t a  were obtained on these  occasions because of t he  hazardous natllre 
of operation with sustained f l u t t e r  of t h e  propel le r  blades. However, 
during t h e  constant r o t a t i o n a l  speed t e s t s  a t  1,600 rpm some d a t a  were 
recorded when f l u t t e r  w a s  de tec ted  both audibly and by the  s t r a i n  gages. 
The values of advance r a t i o  a t  which f l u t t e r  occurred have been ind i -  
cated on the  curves of t h r u s t  and power coe f f i c i en t  shown i n  f igu re  7. 
On other occasions when f l u t t e r  w a s  de tec ted  the  propel le r  r o t a t i o n a l  
speed was reduced before any d a t a  could be obtained. 
t he  experience of t he  dynamometer operators and t h e  meager d a t a  obtained, 
a f l u t t e r  boundary has been sketched on f igu re  7 which ind ica t e s  t h a t  
s t a l l  f l u t t e r  c h a r a c t e r i s t i c s  may be improved by t h e  use of cambered 
blade sec t ions .  The f l u t t e r  boundaries presented i n  figure 7(a) show 
t h a t  t h r u s t  coe f f i c i en t s  f o r  t he  cambered propel le r  were about 20 per- 
cent higher than  those f o r  t he  symmetrical p rope l l e r  when s t a l l  f l u t t e r  
w a s  encountered. 

However, based on 
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Propeller Character is t ics  a t  Low and Negative Blade Angles 

Tests  a t  low and negative blade angles were made a t  a Mach number 
of 0.13 for the  cambered propel ler  (design no. 109626) only, and the  
r e s u l t s  a re  shown i n  f igure  26. Propeller s t a l l  f l u t t e r  or heavy vibra- 
t i o n  of the  dynamometer w a s  encountered i n  most of these t e s t s  and t h e  
da ta  obtained were l imited.  A s o l i d  l i n e  i s  shown connecting t h e  poin ts  
where sustained s t a l l  f l u t t e r  ( t o r s i o n a l  s t r e s s  over k9,OOO p s i )  occurred 
a t  blade angles of -13.6O and -8.6O. A t  blade angles of - 3 . 6 O  and 1 . 4 O ,  
the  usual  type of s t a l l  f l u t t e r  with la rge  responses i n  t o r s i o n  w a s  not 
observed, but heavy s ide and v e r t i c a l  accelerat ions of the  dynamometer 
l imited the  t e s t s .  The exact cause of these vibrat ions i s  unknown but 
it may be possible t h a t  these vibrat ions were caused by wake f l u t t e r .  
Intermit tent  s t a l l  f l u t t e r  with low t o r s i o n a l  s t r e s s e s  (*1,000 t o  
f3yOO0 p s i )  w a s  encountered a t  a blade angle of 6.4' near an advance 
r a t i o  of 1.0; however, the  f l u t t e r  disappeared when the  advance r a t i o  
w a s  decreased fur ther .  It i s  believed t h a t  the  propel ler  w a s  operating 
i n  s t a l l  f l u t t e r  a t  a blade angle of 6.40 near an advance r a t i o  of 1.0, 
and t h a t  s t a l l  f l u t t e r  d i d  not occur a t  blade angles of 11.4O and 1 6 . 4 O  
because the  propel ler  w a s  operated below an advance r a t i o  of 1.0 for t h e  
e n t i r e  t e s t .  It i s  not possible t o  e s t a b l i s h  the  f l u t t e r  boundary from 
the  present data;  therefore ,  g rea t  care must be %aken t o  avoid sustained 
s t a l l  f l u t t e r  a t  these low and negative blade angles. 

With the  foregoing f l u t t e r  considerations i n  mind, the  thrust coef- 
f i c i e n t  curves i n  f igure  26 have been extrapolated t o  advance r a t i o s  
around unity,  and a crossplot  has been made i n  f igure  27 t o  show the  
var ia t ion  of negative thrust  coef f ic ien t  with blade angle a t  severa l  
constant values of advance r a t i o  from 0.8 t o  2.0. 
show the  increase i n  negative thrust coef f ic ien t  as the  blade angle a t  
the 0.75 radius  changes from low pos i t ive  values t o  negative values. I n  
order t o  obtain a b e t t e r  idea of the  braking c a p a b i l i t i e s  of the  cambered 
propeller,  the  curves i n  f igure  27 were used t o  calculate  t h e  v a r i a t i o n  
of negative t h r u s t  i n  pounds with veloci ty  i n  miles per hour for s e v e r a l  
blade angles a t  a constant r o t a t i o n a l  speed of 1,200 rpm. The r e s u l t s  
of these calculat ions a re  presented i n  f igure  28. 
of -8O a t  the  0.73 radius,  the negative t h r u s t  changes from 8,180 pounds 
a t  a ve loc i ty  of 260 miles per hour t o  2,400 pounds when t h e  ve loc i ty  is 
reduced t o  110 miles per hour; this indicates  the  effect iveness  of the  
propel ler  as a brake. 

The curves i n  figure 27 

For a blade angle 

Feathering Conditions f o r  the  Cambered Propel ler  

Character is t ics  of the  cambered propel ler  (design number 109626) 
are shown i n  f igure  29 a t  blade angles near the  feather ing angle f o r  
Mach numbers of 0.3, 0 .5 ,  and 0.7. Note t h a t  instead of t h e  usua l  coef- 
f i c i e n t s ,  values of T/qD2 and Q/qD3 have been p l o t t e d  aga ins t  nD/V 
for convenience i n  determining the  feather ing blade angle. There i s  very 
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l i t t l e  difference i n  the data a t  the various subsonic Mach numbers, and 
a single curve has been drawn between the data obtained a t  posit ive and 
negative values of nD/V. 
of nD/V i s  t h a t  ro ta t iona l  speeds are  negative when i n  the left-hand 
direct ion of rotat ion and posit ive when i n  the right-hand direct ion of 
rotat ion.  The fa i red  values of the thrus t  and torque coeff ic ients  at 
zero ro ta t iona l  speed have been plot ted against blade angle i n  figure 30 
t o  determine the feathering blade angle and t o  obtain a value of negative 
th rus t  or drag of the propeller when i n  the feathered condition. 
ure 30 shows tha t  the cambered propeller (design number 109626) will be 
feathered when the blade angle at  the 0.75 radius is  85.4O. 
th rus t ,  or drag, of the propeller i n  the feathered condition w i l l  be 
O.0O7qD2, which amounts t o  about 153 pounds a t  300 miles per hour (sea- 
l e v e l  density) - 

The sign convention used i n  calculating values 

Fig- 

The negative 

CONCLUSIONS 

Tests of two three-bladed supersonic propellers have been made on 
the 6,000-horsepower propeller dynamometer i n  the Langley 16-foot tran- 
sonic tunnel over a range of blade angles a t  forwaird Mach numbers up 
t o  1.04. 
had symmetrical NACA 16-series a i r f o i l  sections. 
Curtiss-Wright design number 109626, w a s  similar except fo r  the incorpora- 
t i o n  of blade-section camber and a s l igh t  difference i n  p i tch  dis t r ibut ion.  
Both propellers were designed fo r  an advance r a t i o  of 2.2 and a Mach num- 
ber of 0.93 a t  an a l t i tude  of 35,000 f ee t .  
gation indicate the following conclusions: 

One of the propellers, Curtiss-Wright design number 109622, 
"he other propeller, 

The r e su l t s  of the investi-  

1. The cambered propeller was more e f f i c i en t  a t  off-design condi- 
t ions  of operation and could operate e f f i c i en t ly  over a wider range of 
advance r a t io .  However, calculations indicated t h a t  the symmetrical pro- 
pe l l e r  had a s l igh t ly  higher efficiency a t  the design condition of 
operation . 

2. A brief analysis indicates t h a t  the blade sections of the cambered 
propeller were overcambered for  the design condition of operation and 
t h a t  the  propeller as b u i l t  should operate a t  the design Mach number (0.95) 
more e f f i c i en t ly  a t  alr advance r a t i o  higher than the  design value. 

3.  Comparison of the t w o  propellers a t  an advance r a t i o  of 3.6 
showed: 

(a) The m a x i m u m  efficiency was  greater fo r  the cambered pro- 
pe l l e r  than f o r  the symmetrical propeller over a Mach number range 
from 0.6 t o  1.04. 
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(b )  The loss i n  m a x i m u m  e f f i c i ency  due t o  compress ib i l i ty  
e f f e c t s  began a t  a Mach number of about 0.75 and amounted t o  22 per- 
cent f o r  e i t h e r  propel le r  a t  a Mach number of 1.04. 

( c )  A t  a Mach number of 0.93 t he  t h r u s t  and power c o e f f i c i e n t s  
f o r  maximum e f f i c i ency  were 60 and 53 percent g rea t e r ,  respec t ive ly ,  
for t he  cambered propel le r  than f o r  t he  symmetrical p rope l l e r .  

4. Comparison of the  two p rope l l e r s  a t  a constant r o t a t i o n a l  speed 
of 1,600 rpm and Mach numbers l e s s  than 0.6 showed: 

(a )  The maximum e f f i c i ency  w a s  from 6 t o  3.5 percent g r e a t e r  
f o r  t he  cambered propel le r  than f o r  t h e  symmetrical p rope l l e r  over 
a range of advance r a t i o  from 1.0 t o  2.4. 

(b)  A t  an advance r a t i o  of 2.2 t h e  t h r u s t  c o e f f i c i e n t  f o r  m a x i -  
mum e f f i c i ency  w a s  23 percent g rea t e r  f o r  t he  cambered p rope l l e r  
than  fo r  the  symmetrical p rope l le r ,  while t h e  power c o e f f i c i e n t  w a s  
only 20 percent g rea t e r .  

( c )  A t  an advance r a t i o  of 1.0, corresponding t o  a climb con- 
d i t i o n  of operation, t h e  cambered propel le r  was 7 percent more 
e f f i c i e n t  than  the  symmetrical p rope l le r  when t h e  power c o e f f i c i e n t  
w a s  constant a t  e i t h e r  0.12 or 0.18. 

(d) S t a l l  f l u t t e r  occurs a t  t h r u s t  coe f f i c i en t s  which are 
g rea t e r  f o r  t he  cambered propel le r  than  f o r  t h e  symmetrical p rope l l e r .  

5.  The negative t h r u s t  c h a r a c t e r i s t i c s  of t h e  cambered p rope l l e r  
make it very e f f e c t i v e  when used as a brake, but care must be taken t o  

I avoid propel le r  f l u t t e r  at low and negative blade angles.  

6.  The fea ther ing  blade angle of t he  cambered p rope l l e r  is  83.4O, 
measured a t  the  0.75 radius,  and the  drag of t h i s  p rope l l e r  i n  the  fea th-  
e red  condition amounts t o  133 pounds a t  300 miles per  hour ( sea- leve l  
dens i ty)  . 
Langley Aeronautical Laboratory, 

National Advisory Committee f o r  Aeronautics, 
Langley F ie ld ,  Va.,  May 2, 1956. 
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Mach Rotational 
piwe number speed, rpm 
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Blade angle a t  
0.75 radius, O.75R, deg 

TABLE 1.- RANGE OF BLADE ANGLES COVERED IN TESTS OF TWO 

CURTISS-WRIGHT SUPERSONIC PROPELLEBS (DESIW 

NOS. 109622 AND 109626) 

Cambered propeller (design no. 109626) 

26 
29 
29 
29 
7 
8 
9 
10 
11 
12 
13 
14 
15 
26 
17 

a6 
“7 
“8 
“9 
“LO 
“11 
“12 
“13 
“14 
18 
18 
18 

0.13 
0.30 
0.50 
0.70 

0.60 
0.70 
0.74 
0.80 
0.84- 
0.89 
0.96 
1.00 
1.02 
1.04 

Varied 

Varied 
0.60 
0.70 
0.74 
0.80 
0.84 
0.89 
0.93 
0.96 
1.01 
1.02 
1.04 

Vazied 
Varied 
Varied 
Vaxied 

Varied 
Varied 
Varied 
Varied 
Varied 
Varied 
Varied 
Varied 
Varied 
Varied 

1,600 

-13.6, -8.6, -3.6, 1.4, 6.4, 11.4, and 16.4 
71.4, 81.4, and 91.4 
71.4, 81.4, and 91.4 
71.4, 81.4, and 91.4 
21.6, 26.6, 31.6, 36.6, 41.6, and 46.8 
46.8, 52.2, 55.6, 61.8, and 64.4 
46.8, 52.2, 56-1, 61.6, and 64.4 
52.2, 55.6, and 61.6 
53.6, 61.6, and 64.4 
55.6, 61.6, and 64.4 
55.6, 61.8, and 64.4 
61.6 and 64.4 
61.6 and 64.4 
56.1 and 61.6 
61.6 and 64.4 

Symmetrical propeller (design no. 109622) 

1,600 
Varied 
Varied 
Varied 
Varied 
Varied 
Varied 
Varied 
Varied 
Varied 
Varied 
Varied 

20.2, 25.2, 30.2, 32.2, 40.2, 45.4, and 50.8 
50.8, 54.7, and 60.2 
45.4, 50.8, 54.7, and 60.2 
50.8, 54.7, and 60.2 
5a8, 514.7, and 60.2 
50.8 and 54.7 
70.8, 54.7, and 60.2 
>4.7 and 60.2 
54.7 and 60.2 
60.0 
60.0 
60.0 

%hese figure numbers refer  t o  figures i n  reference 9. 
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Figure 1.- Mach number distribution in the\Langley 16-foot transonic 
tunnel test section with dynamometer installed (without propeller). 
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(a) Upper portion of test section raised. L-86110 

Figure 2. - The 6,000-horsepower propeller dynamometer mounted in the 
Langley 16-foot transonic tunnel (view looking downstream) . 
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(b) Upper por t ion  of t e s t  s ec t ion  i n  place.  Wake survey rakes may 

be seen in t h i s  view. 
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Figure 2.-  Concluded. 
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Figure 3.- Blade-form characteristics of two Curtiss-Wright supersonic 
propellers (design nos. 109622 and 109626). 
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(a) Symmetrical propeller (design no. 109622); 
~0.73R = 60.00. 

(b)  Cambered propeller (design no. 109626) ; 
po.73R = 61.6O. 

Figure 4.- Variation of the spinner tare force with Mach number f o r  constant values of thrust 
coefficient. 
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Tunnel s t a t i o n ,  f e e t  

Figure 6.- Effect of p rope l l e r  operation on the  Mach number d i s t r i b u t i o n  
i n  the  v i c i n i t y  of t h e  p rope l l e r  as determined by tunnel-wall  
measurements. 
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(a) Thrust coe f f i c i en t .  

Figure 7.- Charac t e r i s t i c s  of t h e  Curtiss-Wright cambered propel le r  
(design no. 109626). Rota t iona l  speed, 1,600 rpm; M < 0.64. 
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(b) Power coefficient. 

Figure 7.-  Continued. 
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( c )  Efficiency. 

Figure 7.- Concluded. 
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(a) Thrust coefficient. 

Figure 8.- Characteristics of the Curtiss-Wright cambered propeller 
(design no. 109626). Forward Mach number. 0.60. 
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( b )  Power coe f f i c i en t .  

Figure 8. - Continued. 
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Figure 8. - Concluded. 
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(a)  Thrust coe f f i c i en t  . 
Figure 9.- Charac te r i s t i c s  of the  Cut i ss -Wright  cambered propel le r  

(design no. 109626). Forward Mach number, 0.70. 
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(b) Power coefficient. 

Figure 9.- Continued. 
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A d v a n c e  r a t i o  , J 

(a) Thrust, coefficient. 

Figure 10.- Characteristics of the Curtiss-Wright cambered propeller 
(design no. 109626). Forward Mach number, 0.74. 
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(b) Power coefficient. 

Figure 10.- Continued. 
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(c) Efficiency. 

Figure 10.- Concluded. 
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(a) Thrust coefficient . 
Figure 11.- Characteristics of the Curtiss-Wright cambered prope l l e r  

(design no. 109626). Forward Mach number, 0.80. 
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Figure 11.- Continued. 
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(c) Efficiency. 

Figure 11.- Concluded. 
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(a) Thrust coefficient . 
Figure 12.- Characteristics of the Curtiss-Wright cambered propeller 

(design no. 109626). Forward Mach number, 0.84. 
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Advance r a t i o ,  J 

(a) Thrust coefficient. 

Figure 13.- Characteristics of the Curtiss-Wright cambered propeller 
(design no. 109626). FomJard Mach number, 0.89. 
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Advance ra t io  , J 

( b )  Power coeff ic ient .  

Figure 13. - Cont hued.  
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Figure 13. - Concluded. 
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(a) Thrust coefficient. 

Figure 14. - Characteristics of the Curtiss-Wright cambered propeller 
(design no. 109626) Forward Mach number, 0.96. 
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A d v a n c e  r a t i o  , J 

(b)  Power coefficient. 

Figure 14. - Continued. 
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Figure 14. - Concluded. 
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A d v a n c e  ra t i o  , J 

(a) Thrust coeff ic ient  . 
Figure 12.- Characteristics of the Curtiss-Wright cambered propeller 

(design no. 109626). Forward Mach number, 1.00. 
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A d v a n c e  rat io  , J 

(b) Power coefficient . 
Figure 15. - Continued. 
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(c) Efficiency. 

Figure 13.- Concluded. 
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3.0 3.2 3.4 3.6 3.8 4 .O 4.2 4.4 4.6 4.8 

Advance r a t i o ,  J 

(a) Thrust coefficient. 

Figure 16. - Characteristics of the Curtiss-Wright cambered propeller 
(design no. 109626). Forward Mach number, 1.02. 
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A d v a n c e  r a t i o ,  J 

( b )  Power coefficient. 

Figure 16. - Continued. 
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A d v a n c e  ratio , J 

( c )  Efficiency. 

Figure 16. - Concluded. 
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(a) Thrust coefficient. 

Figure 17.- Characteristics of the Curtiss-Wright cambered propeller 
(design no. 109626). Forward Mach number, 1.04. 
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Advance ra t i o  , J 

( b )  Pover coefficient. 

Figure 17.- Continued. 
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Figure 17.- Concluded. 
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( c )  Efficiency. 

Figure 18. - Concluded. 



66 

1.0 

09 

.0 

Design number 109626 (cambered blade sections) 

----- --Design number 109622 (symmetrical blade sections) 
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Advance ratio, J 

Figure 19.- Comparison 09 the  envelope efficiency and the thrust and 
power coeff ic ients  f o r  maximum efficiency of the Curtiss-Wright cam- 
bered propeller (design no - 109626) with the symmetrical propeller 
(design no. 109622) a t  a constant ro ta t iona l  speed of 1,600 rpm. 
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(a) CP = 0.12. 

Figure 20.- Characteristics of the Curtiss-Wright cambered propeller 
(design no. 109626) and the symmetrical propeller (design no. 109622) 
when operating at constant power and a constant rotational speed of 
1,600 rpm. 
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Figure 20.- Concluded. 
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I 1 I '{-Operating lift coefficient 0.6 

--'\Operating lift coefficient 0.4 
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Design lift coefficient, 

Figure 21.- The e f fec t  of design l i f t  coeff ic ient  or camber on the l i f t -  
drag r a t i o  of &percent thick 16-series a i r f o i l  sections a t  a Mach 
number of 0.7 (from ref. 8). 
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Figure 22.- Variation of envelope eff ic iency of the Curtiss-Wright cam- 
bered propel ler  (design noc 109626) with advance r a t i o  f o r  various 
Mach numbers. 
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Figure 2 3 . -  Variation of envelope efficiency with advance ratio for the 
Curtiss-Wright cambered propeller (design no. 109626) and the sym- 
metrical propeller (design no. 109622) at three Mach numbers. 
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Figure 24.- Comparison of the envelope efficiency and the thrust and 
power coefficients for maximum efficiency of the Curtiss-Wright cam- 
bered propeller (design no. 109626) with the symmetrical prop6Ller 
(design no. 109622) at an advance ratio of 3.6. 
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Figure 23. - Variation of blade-section design lift coefficient (camber) 
with section Mach number for the Curtiss-Wright cambered propeller 
(design no. 109626) at three operating conditions, and a comparison 
with the optimum distribution of camber for sections less than 3 per- 
cent thick. 
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Figure 26. - Charac ter i s t ics  of t he  Curtiss-Wright cambered propel le r  
(design no. 109626) a t  low and negative blade angles f o r  a Mach n m -  
ber of 0.13. 
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Figuz-e 27.- Variation of  negative t h r u s t  coe f f i c i en t  w i t h  blade angle 
a t  s eve ra l  values of advance r a t i o  for t he  Curtiss-Wright cambered 
propeller (design no. 109626) a t  a Mach number of 0.13. 
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Figure 28.- Variation of negative thrust  with velocity a t  several  blade 
angles f o r  the Curtiss-Wright cambered propeller (design no. 109626) 
a t  a constant ro ta t iona l  speed of 1,200 rpm. p = 0.002378. 

CONFIDENTIAL 



.I2 
- .  
-.20 :I6 

-.20 -.I6 -.I2 -.08 -.04 0 .04 .08 .I2 .I6 .20 .24 .28 .32 .36 .40 .44 

& 
V 

(a) Thrust. 

Figure 29.- Character is t ics  of the  Curtiss-Wright cambered propeller 
(design no. 109626) near the feathered condition for several  Mach 
numbers. 
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Figure 29. - Concluded. 
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Figure 30.- Effect  of blade angle on the  t h r u s t  and torque character-  
i s t i c s  of the Curtiss-Wright cambered propel ler  (design no. 109626) 
a t  zero r o t a t i o n a l  speed. 
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